Abstract: Zircon U-Pb dating and Hf isotopic analyses are performed on clastic rocks, sedimentary tuff of the Dongchuan Group (DCG), and a diabase, which is an intrusive body from the base of DCG in the SW Yangtze Block. The results provide new constraints on the Precambrian basement and the Late Paleoproterozoic to Mesoproterozoic tectonic evolution of the SW Yangtze Block, South China. DCG has been divided into four formations from the bottom to the top: Yinmin, Luoxue, Heishan, and Qinglongshan. The Yinmin Formation, which represents the oldest rock unit of DCG, was intruded by a diabase dyke. The oldest zircon age of the clastic rocks from the Yinmin Formation is 3654 Ma, with ε Hf (t) of −3.1 and a two-stage modeled age of 4081 Ma. Another zircon exhibits an age of 2406 Ma, with ε Hf (t) of −20.1 and a two-stage modeled age of 4152 Ma. These data provide indirect evidence for the residues of the Hadean crustal nuclei in the Yangtze Block. In combination with the published data, the ages of detrital zircons from the Yinmin Formation yielded three peak ages: 1.84, 2.30 and 2.71 Ga. The peaks of 1.84 and 2.71 Ga are global in distribution, and they are best correlated to the collisional accretion of cratons in North America. Moreover, the peak of 1.84 Ga coincides with the convergence of the global Columbia supercontinent. The youngest age of the detrital zircon from the Yinmin Formation was 1710 Ma; the age of the intrusive diabase was 1689 ± 34 Ma, whereas the weighted average age of the sedimentary tuff from the Heishan Formation was 1414 ± 25 Ma. It was presumed that the depositional age for DCG was 1.71-1.41 Ga, which was in accordance with the timing of the breakup of the Columbia supercontinent. At~1.7 Ga, the geochemical data of the diabase were characterized by E-MORB and the region developed the same period A-type granites. Thus, 1.7 Ga should represent the time of the initial breakup of the Yangtze Block. Furthermore, the Yangtze Block continues to stretch and breakup until~1.4 Ga, which is characterized by the emergence of oceanic island, deep-sea siliceous rock and flysch, representing the final breakup. In brief, the tectonic evolution of the Yangtze Block during the Late Paleoproterozoic to Mesoproterozoic coincided with the events caused by the convergence and breakup of the Columbia supercontinent, because of which, the Yangtze Block experienced extensive magmatic activity and sedimentary basin development during this period.
. (a) Geological sketch map of the tectonic outline; (b) a geological map of Precambrian strata and Proterozoic intrusions of the SW Yangtze Block, South China [15, 22, 28, 46] . The zircon U-Pb ages of the Proterozoic intrusions are from the literature [16, 18, 22, 35, 40, 46, [57] [58] [59] .
The base of the Yinmin Formation mainly comprises purplish-red glutenite with gravels of various sizes, which are mainly subrounded and distributed discontinuously throughout the area (Figure 3a) . Overlying the Yinmin Formation is mainly a set of quartz sandstone and feldspar quartz with miscellaneous sandstone (Figure 3b) . Regionally, the Yinmin Formation comprises either terrigenous-clay clastic rock or carbonate rock rich in terrigenous debris. Because of alluvial fan-like purplish-brown conglomeritic layers in the lower strata of the Yinmin Formation, it is considered to be a continental feature, indicating the existence of either older landmasses or denuded areas. The Yinmin Formation may represent the sedimentary record of an earlier rift [60] . In the Tongan area of the Sichuan Province, the lithology of the Yinmin Formation includes purple and purplish-red sandy slate, sandstone, grenaceous dolomite, pyroclastic rocks, and multilayered magnetic (hematite) iron ore convex mirror with plant microfossils. It reaches a thickness of 200-500 m and is in conformable contact with overlying limestone of the Luoxue Formation. The base of the Yinmin Formation has not yet been reached. The Luoxue Formation comprises thick light-gray, gray, and pale-red layers of [15, 22, 28, 46] . The zircon U-Pb ages of the Proterozoic intrusions are from the literature [16, 18, 22, 35, 40, 46, [57] [58] [59] .
The limited distribution of Archean-Paleoproterozoic geologic entities developed in the Yangtze Block is only exposed in the Kongling and Yichang areas on the northern margin of the Yangtze Block.
The base of the Yinmin Formation mainly comprises purplish-red glutenite with gravels of various sizes, which are mainly subrounded and distributed discontinuously throughout the area (Figure 3a) . Overlying the Yinmin Formation is mainly a set of quartz sandstone and feldspar quartz with miscellaneous sandstone (Figure 3b) . Regionally, the Yinmin Formation comprises either terrigenous-clay clastic rock or carbonate rock rich in terrigenous debris. Because of alluvial fan-like purplish-brown conglomeritic layers in the lower strata of the Yinmin Formation, it is considered to be a continental feature, indicating the existence of either older landmasses or denuded areas. The Yinmin Formation may represent the sedimentary record of an earlier rift [60] . In the Tongan area of the Sichuan Province, the lithology of the Yinmin Formation includes purple and purplish-red sandy slate, sandstone, grenaceous dolomite, pyroclastic rocks, and multilayered magnetic (hematite) iron ore convex mirror with plant microfossils. It reaches a thickness of 200-500 m and is in conformable contact with overlying limestone of the Luoxue Formation. The base of the Yinmin Formation has not yet been reached. The Luoxue Formation comprises thick light-gray, gray, and pale-red layers of algae, algal dolomite (Figure 3c ), siliceous dolomite, silty dolomite, and calcareous slate. The thickness of the Luoxue Formation widely varies from tens of meters to several hundred meters, and it is in conformable contact with the overlying Heishan Formation located below the Yinmin Formation. The Heishan Formation is a set of dark gray and black carbonaceous slate as well as silty slate containing multiple layers of sedimentary tuff (Figure 3d ). The slate is thin-layered, with a single layer thickness of approximately 5-8 cm, has stable lateral extension, and exhibits a thickness of more than 1100 m. In the Heishan Formation, black carbonaceous slate with a thickness of approximately [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] Simplified geological map of the study area (modified after paper [27] ).
The bottom of the Yinmin Formation mainly comprises purplish-red glutenite, which is distributed intermittently in the area. It likely represents an alluvial fan-like environment. The central part of the upper of the Yinmin Formation is mainly comprises quartz sandstone and feldspar quartz heteroclass, which should be the product of the coastal shallow-water environment. Due to the evolution of the Yinmin period and the influence of the changes in the sea level in the Luoxue period, the sedimentary basin is dominated by a carbonate platform environment. In the Heishan period, the scope of the ancient land was greatly reduced. The Heishan Formation represents the deposition of shallow-to-deep-water basin and reflects the stability of basin development. In the Qinglongshan period, the sediments in the area have undergone major changes and have become a carbonate platform environment again. Simplified geological map of the study area (modified after paper [27] ).
The bottom of the Yinmin Formation mainly comprises purplish-red glutenite, which is distributed intermittently in the area. It likely represents an alluvial fan-like environment. The central part of the upper of the Yinmin Formation is mainly comprises quartz sandstone and feldspar quartz heteroclass, which should be the product of the coastal shallow-water environment. Due to the evolution of the Yinmin period and the influence of the changes in the sea level in the Luoxue period, the sedimentary basin is dominated by a carbonate platform environment. In the Heishan period, the scope of the ancient land was greatly reduced. The Heishan Formation represents the deposition of shallow-to-deep-water basin and reflects the stability of basin development. In the Qinglongshan period, the sediments in the area have undergone major changes and have become a carbonate platform environment again. 
Sampling and Analytical Methods
One conglomerate (PM16-17) and two sandstones (D076 and D002) from the Yinmin Formation, one diabase (D8015) intruded into the Yinmin Formation, and one sedimentary tuff (D078-5) from the Heishan Formation, DCG, were sampled for this study. The petrography of the samples was examined, and zircons were selected for U-Pb dating. Hf isotopic analyses of some parts of the zircons were conducted. The locations of the studied samples are shown in Figure 2 .
The conglomerate comprises of terrigenous clasts and interstitial fillings, and its geochemistry is not homogeneous. The components of the conglomerate are phyllite, andesite, and slate. We chose conglomerates in this study because they represent the oldest deposits of DCG. We chose different rocks at the bottom of DCG to ensure statistical significance. At the same time, we chose the sample to be as fine-grained as possible from the conglomerate. We also combined clast and matrix types. The terrigenous clastic debris, usually metasomatized by sodium feldspar, exhibits a sand-grain fabric; grain shapes are edge angle, hypo-edge angle, sub-rounded, and sometimes blurred ( Figure  4a ). The size of the gravel is 2-7 mm, and the sand, ranging from 0.05-2 mm, is secondary. The gap between the interstitial material and the gravel is metasomatized by carbonate and albite. The 
The conglomerate comprises of terrigenous clasts and interstitial fillings, and its geochemistry is not homogeneous. The components of the conglomerate are phyllite, andesite, and slate. We chose conglomerates in this study because they represent the oldest deposits of DCG. We chose different rocks at the bottom of DCG to ensure statistical significance. At the same time, we chose the sample to be as fine-grained as possible from the conglomerate. We also combined clast and matrix types. The terrigenous clastic debris, usually metasomatized by sodium feldspar, exhibits a sand-grain fabric; grain shapes are edge angle, hypo-edge angle, sub-rounded, and sometimes blurred (Figure 4a ). The size of the gravel is 2-7 mm, and the sand, ranging from 0.05-2 mm, is secondary. The gap between the interstitial material and the gravel is metasomatized by carbonate and albite. The terrigenous gravel comprises~55% of the clasts,~30% of sand and~15% of the interstitial material. The vice minerals are opaque, and the secondary minerals are albite and carbonate.
Quartz sandstone comprises variable amounts of sand and interstitial material that is mainly composed of quartz with small amounts of feldspar and detritus (Figure 4b ). The shape is mainly subrounded, and the circle is small. The particle sizes are grouped in the ranges 0.25-0.5 mm and 0.5-1.05 mm with a small amount of 0.1-0.25-mm-sized particles; they have a distressed mosaic-like fabric. The edges of the quartz grains exhibit secondary overgrowths. Feldspar is mainly streaked with small amounts of plagioclase and sericitization. The rock debris mainly comprises siliceous rock. The interstitial material comprises siliceous cement with small amounts of clay-based heterojunctions. The interstitial distribution is particle-supported, and the cementation is porous. The rock is locally fractured and filled with micro-quartz veins. The vein filling comprises >90% quartz, ±5% feldspar and debris, and <5% interstitial filling. A small amount of iron was observed filling the fractures. The sub-minerals are opaque tourmaline and zircon.
The diabase comprises phenocryst and a matrix. Phenocrysts comprise plagioclase with dark-colored mineral artifacts, have a particle size of 0.50-4.25 mm, and are distributed in a disorderly manner (Figure 4c ). The plagioclases are subhedral plates with sericitization and carbonation. The dark-colored minerals, which are semi-angular, columnar-shaped, and resemble pyroxene artifacts, have been found to have altered to form aggregates of microscale-shaped flake chlorite and carbonate, with a small amount of limonite. The matrix comprises plagioclase and dark mineral artifacts, with a particle size of generally <0.4 mm. The plagioclases are subhedral slats, with a lattice-like distribution and dark mineral illusions distributed between them, forming a whitish-green structure with an alteration same as that of phenocrysts. terrigenous gravel comprises ~55% of the clasts, ~30% of sand and ~15% of the interstitial material. The vice minerals are opaque, and the secondary minerals are albite and carbonate. Quartz sandstone comprises variable amounts of sand and interstitial material that is mainly composed of quartz with small amounts of feldspar and detritus (Figure 4b ). The shape is mainly subrounded, and the circle is small. The particle sizes are grouped in the ranges 0.25-0.5 mm and 0.5-1.05 mm with a small amount of 0.1-0.25-mm-sized particles; they have a distressed mosaic-like fabric. The edges of the quartz grains exhibit secondary overgrowths. Feldspar is mainly streaked with small amounts of plagioclase and sericitization. The rock debris mainly comprises siliceous rock. The interstitial material comprises siliceous cement with small amounts of clay-based heterojunctions. The interstitial distribution is particle-supported, and the cementation is porous. The rock is locally fractured and filled with micro-quartz veins. The vein filling comprises >90% quartz, ±5% feldspar and debris, and <5% interstitial filling. A small amount of iron was observed filling the fractures. The sub-minerals are opaque tourmaline and zircon.
The diabase comprises phenocryst and a matrix. Phenocrysts comprise plagioclase with dark-colored mineral artifacts, have a particle size of 0.50-4.25 mm, and are distributed in a disorderly manner (Figure 4c ). The plagioclases are subhedral plates with sericitization and carbonation. The dark-colored minerals, which are semi-angular, columnar-shaped, and resemble pyroxene artifacts, have been found to have altered to form aggregates of microscale-shaped flake chlorite and carbonate, with a small amount of limonite. The matrix comprises plagioclase and dark mineral artifacts, with a particle size of generally <0.4 mm. The plagioclases are subhedral slats, with a lattice-like distribution and dark mineral illusions distributed between them, forming a whitish-green structure with an alteration same as that of phenocrysts. The sedimentary tuff sample is composed of tuff, rock detritus, and new metamorphic minerals ( Figure 4d ). The tuff particles are composed of lithic clasts, small amounts of crystals, glass shavings, and volcanic dust and the tuff fabric is mosaic-like and directional; this is partially explained by the presence of biotite. The rock detritus is mainly composed of rigid rock debris, which are irregularly shaped and are generally 0.4-1.2 mm in diameter, and mainly has an andesitic composition. The crystal fragments are composed of plagioclase and potassium feldspar with some quartz. They are subangular in shape and have a grain size of 0.2-1.3 mm. Some feldspar content retains a subhedral-plate shape. The vitric fragments and volcanic dust have been replaced by biotite. The unaltered sediments are composed of feldspar and detritus. They are subrounded and subangular. They are not distinguishable from the tuff and are partially metasomatized by biotite. The main components of the rock debris include andesitic. Feldspars include plagioclase and potassium feldspar.
Sorting of the zircons for dating was completed at the Langfang Regional Geological Survey Institute, Hebei Province. Using conventional magnetic separation and heavy liquid techniques to separate the zircon grains, the representative zircon grains were handpicked using a binocular microscope. The selected zircon grains were mounted in an epoxy resin and polished so that their diameters will become half their original diameter. Cathodoluminescence (CL) images were obtained using an electron probe microanalyzer (JXA-8100; JEOL Ltd.) at Beijing Geo Analysis Technology Co., Ltd., Beijing, China.
In situ U-Pb isotopic analyses of the zircons were performed using an LA-ICP-MS at the Chinese Academy of Sciences (CAS)-Key Laboratory of Crust-Mantle Materials and Environments, University of Science and Technology of China, Hefei, China. The analyses were conducted using ICP-MS (Agilent 7700 Quadrupole) coupled to a laser ablation system (Analyte HE 193-nm ArF Excimer; Teledyne Technologies Inc., Thousand Oaks, CA, USA) with a 6-Hz repletion rate and 60-mJ laser energy. The ablation spot diameter of the ion beam was set to 32 µm. Helium was applied as the carrier gas, and argon was used as the make-up gas. Each analysis comprised a background acquisition interval of approximately 20 s and a signal acquisition of approximately 40 s. The detailed parameters of the instrument can be found in a study by Liu et al. (2010) [61] . All the measurements were performed using zircon 91,500 as the external standard with a recommended 206 Pb/ 208 U age of 1065.4 ± 0.6 Ma [62] and were analyzed twice before and after every eight analyses. The raw data were first reduced using the ICPMSDataCal program [63] and then processed using the ISOPLOT program [64] . The individual analyses are presented with an error of 1σ in data tables and concordia diagrams; uncertainties in the age results are quoted at the 95% level (2σ).
In situ Lu-Hf isotopic analyses were conducted at the State Key Laboratory of Geological Processes and Mineral Resources. These analyses were conducted on the same zircons. The Lu-Hf isotopes were measured using MC-ICP-MS (Neptune Plus™, Thermo Fisher Scientific, Waltham, MA, USA), equipped with a 193-nm ArF-excimer laser ablation system. A spot size of 44 µm was used to perform the analyses with a laser repetition rate of 8 Hz at 100 mJ/pulse. Time-drift corrections and external calibration were performed using the zircon standard 91,500. Details of this analysis method and isotope fractionation correction are described by Wu et al. (2006) [65] .
Results

LA-ICP-MS Zircon Dating
The ages of the samples in this study were all greater than 1000 Ma, and the ages used in the following discussion were all 207 Pb/ 206 Pb ages [66] . The concordance of the data used in our statistics is greater than 90%, and the error is less than 100 Ma. The results of U-Pb isotopic analyses are summarized in supplementary data Table S1 .
The zircon CL images of the gravels (sample PM16-17) revealed that the zircons were mostly euhedral-subhedral granular in texture (Figure 5a ). The zircons were mostly long-columnar, whereas some of the zircons exhibited obvious oscillating ring structures. The samples provided 86 valid measurement points with Th/U values >0.1. The youngest zircon age was 1755 Ma while the oldest zircon age was 3497 Ma. There were three distinct age peaks of approximately 1.86, 2.28, and 2.70 Ga (Figure 5b ). The CL images of sample D076 exhibited that the zircons were mostly self-shaped to semi-self-shaped and that some zircons were rounded, reflecting a significant modification through weathering and abrasion. Furthermore, certain parts of the zircons depicted core-edge structures (Figure 6b ). Some samples were near the concordia line, probably due to the old age. The zircons were affected by thermal events after their formation and were all older than 1700 Ma. The oldest zircon age was 3300 Ma, and the zircon ages showed three distinct peaks at 1.91, 2.34, and 2.62 Ga. The zircons from sample D002 were mostly colorless and transparent, whereas some were brownish-red and light brown. Most zircons were distinctly rounded, reflecting some modification due to weathering or abrasion (Figure 7a ). Some zircons were well preserved, which reflected a relatively small degree of transport and abrasion, presumably because they were located closer to their source area. Most zircons exhibited clear oscillatory zoning structures. The Th/U ratios of the 62 effective measurement points were relatively high, except for one sample that depicted a ratio of 0.37. The ratios of all other measurement points were >0.4, which reflected the magmatic origin of the zircons [67, 68] . In the concordia diagram, most measured points deviated from the concordia line probably because the zircons were affected by the geologic events in a later period. Most of the zircon ages were concentrated in the range 2.0-3.0 Ga. The youngest was 1739 Ma, and the oldest The CL images of sample D076 exhibited that the zircons were mostly self-shaped to semi-self-shaped and that some zircons were rounded, reflecting a significant modification through weathering and abrasion. Furthermore, certain parts of the zircons depicted core-edge structures (Figure 6b ). Some samples were near the concordia line, probably due to the old age. The zircons were affected by thermal events after their formation and were all older than 1700 Ma. The oldest zircon age was 3300 Ma, and the zircon ages showed three distinct peaks at 1.91, 2.34, and 2.62 Ga. The CL images of sample D076 exhibited that the zircons were mostly self-shaped to semi-self-shaped and that some zircons were rounded, reflecting a significant modification through weathering and abrasion. Furthermore, certain parts of the zircons depicted core-edge structures (Figure 6b ). Some samples were near the concordia line, probably due to the old age. The zircons were affected by thermal events after their formation and were all older than 1700 Ma. The oldest zircon age was 3300 Ma, and the zircon ages showed three distinct peaks at 1.91, 2.34, and 2.62 Ga. The zircons from sample D002 were mostly colorless and transparent, whereas some were brownish-red and light brown. Most zircons were distinctly rounded, reflecting some modification due to weathering or abrasion (Figure 7a ). Some zircons were well preserved, which reflected a relatively small degree of transport and abrasion, presumably because they were located closer to their source area. Most zircons exhibited clear oscillatory zoning structures. The Th/U ratios of the 62 effective measurement points were relatively high, except for one sample that depicted a ratio of 0.37. The ratios of all other measurement points were >0.4, which reflected the magmatic origin of the zircons [67, 68] . In the concordia diagram, most measured points deviated from the concordia line probably because the zircons were affected by the geologic events in a later period. Most of the zircon ages were concentrated in the range 2.0-3.0 Ga. The youngest was 1739 Ma, and the oldest The zircons from sample D002 were mostly colorless and transparent, whereas some were brownish-red and light brown. Most zircons were distinctly rounded, reflecting some modification due to weathering or abrasion (Figure 7a ). Some zircons were well preserved, which reflected a relatively small degree of transport and abrasion, presumably because they were located closer to their source area. Most zircons exhibited clear oscillatory zoning structures. The Th/U ratios of the 62 effective measurement points were relatively high, except for one sample that depicted a ratio of 0.37. The ratios of all other measurement points were >0.4, which reflected the magmatic origin of the zircons [67, 68] . In the concordia diagram, most measured points deviated from the concordia line probably because the zircons were affected by the geologic events in a later period. Most of the zircon ages were concentrated in the range 2.0-3.0 Ga. The youngest was 1739 Ma, and the oldest was 3654 Ma among which three zircons were older than 3.0 Ga. There were two main peak and two sub-peak ages. The two main peak ages were~1.90 and~2.63 Ga (Figure 7b ). was 3654 Ma among which three zircons were older than 3.0 Ga. There were two main peak and two sub-peak ages. The two main peak ages were ~1.90 and ~2.63 Ga (Figure 7b ). The zircons in sample D8015 were present in small quantities, were mostly light yellow, and had euhedral-subhedral granular shapes with no rounding. The CL images showed that the zircons were mostly euhedral-subhedral granular in texture with no obvious core-edge structures and mostly long columnar structures. A few zircons had oscillation ring structures. The Th/U ratios of the 20 effective measurement points were between 1.23 and 4.96, which reflected the magmatic origin of the zircons [67, 68] . The 20 age points exhibited an age range of 1494 to 1794 Ma, which was relatively large. This may be due to a certain degree of influence from later tectonic thermal events. In the zircon U-Pb harmonic diagram, the point data deviated from the concordia line and fell on an inconsistent curve. The age of the upper intersection was 1689 ± 34 Ma (MSWD = 2.1), and this age would represent the intrusion of the diabase (Figure 8 ). It was depicted that the sedimentation start point of the population group should be greater than 1.7 Ga. This age is consistent with the extensively developed magmatic activity of approximately 1.7 Ga in the region.
The zircons from sample D078-5 were mostly short columnar and plate-like with no obvious nucleus structures; clear oscillatory ring structures could be observed in some samples. They had no obvious characteristics from abrasion, indicating that did not undergo handling and redeposition. The Th/U values of the 40 effective zircon points were relatively high: all values were all greater than 0.4 and between 0.52 and 1.54. This is a typical zircon feature of the magmatic rocks. On the zircon U-Pb harmonic map, the measured data were distributed on or near the concordia line, and the ages were very consistent. The weighted average age was 1414 ± 25 Ma (MSWD = 0.45; Figure 9 ). This age represents the age of the magmatic event during this period. The zircons in sample D8015 were present in small quantities, were mostly light yellow, and had euhedral-subhedral granular shapes with no rounding. The CL images showed that the zircons were mostly euhedral-subhedral granular in texture with no obvious core-edge structures and mostly long columnar structures. A few zircons had oscillation ring structures. The Th/U ratios of the 20 effective measurement points were between 1.23 and 4.96, which reflected the magmatic origin of the zircons [67, 68] . The 20 age points exhibited an age range of 1494 to 1794 Ma, which was relatively large. This may be due to a certain degree of influence from later tectonic thermal events. In the zircon U-Pb harmonic diagram, the point data deviated from the concordia line and fell on an inconsistent curve. The age of the upper intersection was 1689 ± 34 Ma (MSWD = 2.1), and this age would represent the intrusion of the diabase (Figure 9 ). It was depicted that the sedimentation start point of the population group should be greater than 1.7 Ga. This age is consistent with the extensively developed magmatic activity of approximately 1.7 Ga in the region. 
Zircon Lu-Hf Isotopic Compositions
To study the growth and evolution of the ancient crust in the Yangtze Block, Hf isotopic analyses were performed after the zircon U-Pb isotope measurement. The parameters used for the calculation of the Hf isotopic composition of the zircons were the 176 Lu decay constant λ = 1.867 × 10 −11 , chondrite 176 Lu/ 177 Hf = 0.0332, 176 Hf/ 177 Hf = 0.282772 [69] , depleted mantle 176 The zircons from sample D078-5 were mostly short columnar and plate-like with no obvious nucleus structures; clear oscillatory ring structures could be observed in some samples. They had no obvious characteristics from abrasion, indicating that did not undergo handling and redeposition. The Th/U values of the 40 effective zircon points were relatively high: all values were all greater than 0.4 and between 0.52 and 1.54. This is a typical zircon feature of the magmatic rocks. On the zircon U-Pb harmonic map, the measured data were distributed on or near the concordia line, and the ages were very consistent. The weighted average age was 1414 ± 25 Ma (MSWD = 0.45; Figure 8 ). This age represents the age of the magmatic event during this period. the 20 effective measurement points were between 1.23 and 4.96, which reflected the magmatic origin of the zircons [67, 68] . The 20 age points exhibited an age range of 1494 to 1794 Ma, which was relatively large. This may be due to a certain degree of influence from later tectonic thermal events. In the zircon U-Pb harmonic diagram, the point data deviated from the concordia line and fell on an inconsistent curve. The age of the upper intersection was 1689 ± 34 Ma (MSWD = 2.1), and this age would represent the intrusion of the diabase (Figure 8) . It was depicted that the sedimentation start point of the population group should be greater than 1.7 Ga. This age is consistent with the extensively developed magmatic activity of approximately 1.7 Ga in the region.
The zircons from sample D078-5 were mostly short columnar and plate-like with no obvious nucleus structures; clear oscillatory ring structures could be observed in some samples. They had no obvious characteristics from abrasion, indicating that did not undergo handling and redeposition. The Th/U values of the 40 effective zircon points were relatively high: all values were all greater than 0.4 and between 0.52 and 1.54. This is a typical zircon feature of the magmatic rocks. On the zircon U-Pb harmonic map, the measured data were distributed on or near the concordia line, and the ages were very consistent. The weighted average age was 1414 ± 25 Ma (MSWD = 0.45; Figure 9 ). This age represents the age of the magmatic event during this period. 
To study the growth and evolution of the ancient crust in the Yangtze Block, Hf isotopic analyses were performed after the zircon U-Pb isotope measurement. The parameters used for the calculation of the Hf isotopic composition of the zircons were the 176 Lu decay constant λ = 1.867 × 10 −11 , chondrite 176 Lu/ 177 Hf = 0.0332, 176 Hf/ 177 Hf = 0.282772 [69] , depleted mantle 176 Lu/ 177 Hf = 0.0384, and 176 Hf/ 177 Hf = 0.28325 [70] . The results of Lu-Hf isotopic analyses are listed in supplementary data Table S2 .
Only a few zircon Hf isotope ε Hf (t) values from the three samples of the clastic rock were positive, and only one data point was located on the depleted mantle evolution line, whereas the other data points were below the depleted-mantle line. Therefore, a two-stage modeled age (T DMC ) was used to discuss the age of the crustal growth. Due to the complex source and dispersion ages of the Yinmin Formation, the apparent age was used to calculate the modeled age. For the intrusion of the diabase into the Yinmin Formation, the modeled age was calculated using the upper intersection point (1690 Ma). The zircon ε Hf (t) values were all positive and located near the mantle deficit line; therefore, only one stage of the modeled age is discussed. The sedimentary tuff (D078-5) collected from the Heishan Formation had more concentrated zircon ages, which represented the origin of a magmatic event. The modeled age was calculated using the weighted mean age. ε Hf (t) of the zircons was both positive and negative and below the mantle evolution line. Therefore, the two-stage modeled age was used to estimate the age of the crustal growth.
For the sampled zircons of the Yinmin Formation, there were 108 effective measurement points of the Hf isotopes. The 176 Lu/ 177 Hf ratio ranged from 0.000065 to 0.002967, whereas 176 Hf/ 177 Hf ratio ranged from 0.280385 to 0.281872. The ε Hf (t) values ranged from −20.1 to 9.1, with 36 positive values and 72 negative values. The ratio of positive to negative values was 1:2. When ε Hf (t) was negative, the age of the two-stage model was significantly greater than the surface age, indicating that the material was derived from the remelting of the ancient crust. The ε Hf (t) value of the oldest zircon (3654 Ma) was −3.1, and the two-stage modeled age reached 4081 Ma. Among all the measurement points, there were 58 points in the two-stage modeled age that were older than 3000 Ma and the oldest reached 4152 Ma. These ages recorded the evolution of the Earth's early crust.
The zircon ε Hf (t) values of the diabase were all positive and ranged from 3.4 to 11.9, with an average of 8.0. The age of the one-stage modeled T DM was 1688-2007 Ma, and the upper intersection point was 1689 Ma. The material may have directly originated directly from the mantle (Figure 10 ). The ε Hf (t) value of the zircon from the sedimentary tuff that was sampled from the Heishan Formation was both positive and negative and ranged from −4.1 to +3.7 with an average of 0.9. The age of the two-stage model was 1937-2419 Ma with an average of 2115 Ma (Figure 10 ). 
Discussion
Ancient Geological Records and the Basement of the Yangtze Block
The early evolution of the solid crust is important to study Earth science, especially Early Precambrian geology. The study of the formation and evolution of the Precambrian continental crust is important to understand the continental dynamics and develop the theory of plate tectonics. The oldest crustal rocks that have been found to date are Acasta gneisses in the Wopmay orogenic belt of North America, Canada, which are formed in 4016 Ma [71] . The oldest known zircon on Earth is a detrital zircon from the Jack Hills and adjacent areas in the northern Yilgarn Craton, Western Australia with a 207 Pb/ 206 Pb age of 4404 ± 8 Ma [72] . The oldest rocks, comprising granite, felsic gneiss, and quartz diorite, are found in the Anshan area of North China and are aged 3.8 Ga [1] [2] [3] [4] [5] . This is also the oldest recorded rock found in China. The oldest rocks in North China are Anshan granites, felsic gneisses, and quartz diorites with an age of 3.8 Ga, which is the oldest record of rock found in China. The Tarim-North China plate is considered to contain extensively distributed Archaeozoic-Paleoproterozoic basement. However, there are only a few Archean to Early Paleoproterozoic or older rocks that are exposed on the surface of the neighboring Yangtze Block. The surface Archean rocks that were reported from the Yangtze Block have only been exposed to the north of the Yangtze Block. These are ~2.9-3.3 Ga Kongling Complex rocks in the Kongling area [7, 8, 10] . The outcropping area of the Kongling Complex is ~360 km 2 , mainly composed of ancient tonalitic granite diorite-trondhjemite-diorite (TTG), gneiss, migmatite, altered sedimentary rocks, and amphibolite with a small amount of granulite. According to the U-Pb age analyses of the zircons via LA-ICP-MS and SHRIMP, the TTG magmatism in the Kongling area mainly occurred around 2.85-2.95 Ga, and some occurred at around 3.2-3.3 Ga [8, [73] [74] [75] . There exist multiple Archean-Early Proterozoic ages reported from other areas of the Yangtze Block. The Archean-Early Proterozoic ages for zircons with inherited cores or upper intercepts were observed in the Huangtuling granulites [76] and Shuanghe eclogites [77, 78] in the northern Dabie Mountains and the Wulian granitoids in the Sulu region [79] . Zircons with inherited nuclear ages of 2.69-2.82 Ga (using SHRIMP) are found in Triassic Maomaogou alkaline rocks [12] from the Western Panzhihua area, and 2.47-Ga-inherited nuclear zircon ages have been reported in the Neoproterozoic granitic gneiss from Shaba, Mianning County, Sichuan Province [80] . A large number of Archean to Early Proterozoic detrital zircons have also been found in sedimentary rocks deposited over different 
Discussion
Ancient Geological Records and the Basement of the Yangtze Block
The early evolution of the solid crust is important to study Earth science, especially Early Precambrian geology. The study of the formation and evolution of the Precambrian continental crust is important to understand the continental dynamics and develop the theory of plate tectonics. The oldest crustal rocks that have been found to date are Acasta gneisses in the Wopmay orogenic belt of North America, Canada, which are formed in 4016 Ma [71] . The oldest known zircon on Earth is a detrital zircon from the Jack Hills and adjacent areas in the northern Yilgarn Craton, Western Australia with a 207 Pb/ 206 Pb age of 4404 ± 8 Ma [72] . The oldest rocks, comprising granite, felsic gneiss, and quartz diorite, are found in the Anshan area of North China and are aged 3.8 Ga [1] [2] [3] [4] [5] . This is also the oldest recorded rock found in China. The oldest rocks in North China are Anshan granites, felsic gneisses, and quartz diorites with an age of 3.8 Ga, which is the oldest record of rock found in China. The Tarim-North China plate is considered to contain extensively distributed Archaeozoic-Paleoproterozoic basement. However, there are only a few Archean to Early Paleoproterozoic or older rocks that are exposed on the surface of the neighboring Yangtze Block. The surface Archean rocks that were reported from the Yangtze Block have only been exposed to the north of the Yangtze Block. These are~2.9-3.3 Ga Kongling Complex rocks in the Kongling area [7, 8, 10] . The outcropping area of the Kongling Complex is~360 km 2 , mainly composed of ancient tonalitic granite diorite-trondhjemite-diorite (TTG), gneiss, migmatite, altered sedimentary rocks, and amphibolite with a small amount of granulite. According to the U-Pb age analyses of the zircons via LA-ICP-MS and SHRIMP, the TTG magmatism in the Kongling area mainly occurred around 2.85-2.95 Ga, and some occurred at around 3.2-3.3 Ga [8, [73] [74] [75] . There exist multiple Archean-Early Proterozoic ages reported from other areas of the Yangtze Block. The Archean-Early Proterozoic ages for zircons with inherited cores or upper intercepts were observed in the Huangtuling granulites [76] and Shuanghe eclogites [77, 78] in the northern Dabie Mountains and the Wulian granitoids in the Sulu region [79] . Zircons with inherited nuclear ages of 2.69-2.82 Ga (using SHRIMP) are found in Triassic Maomaogou alkaline rocks [12] from the Western Panzhihua area, and 2.47-Ga-inherited nuclear zircon ages have been reported in the Neoproterozoic granitic gneiss from Shaba, Mianning County, Sichuan Province [80] . A large number of Archean to Early Proterozoic detrital zircons have also been found in sedimentary rocks deposited over different periods within the Yangtze Block. For example, in the Sanxia area, Hubei Province, Liu et al. (2005) discovered a large number of detrital zircons aged 3.3-3.5 Ga from Sinian sandstones and tillite [81] . Detrital zircons aged 2.63-2.47 Ga from the Cambrian and Ordovician sedimentary rocks have been observed by Zhang et al. (2016) to the north of Hunan and Guangxi [82] . Greentree and Li also discovered a large amount of ancient detrital zircons aged 2.5-3.0 Ga in metamorphic rocks from the Dahongshan Group, located on the southwestern margin of the Yangtze Block [83] . In addition, there are also small amounts of Archaean strata exposed in the Song Da area of Vietnam [84, 85] . For example, Lan et al. studied the age of gneiss in the Cavinh Complex and observed that the zircon U-Pb age was 2.8-2.5 Ga, and the Nd modeled age was 3.4-3.1 Ga [85] .
Herein, of the 230 valid measurement points in zircons obtained from the Yinmin Formation clastic rock, 10 points were older than 3.0 Ga and 82 points were dated between 2.5 and 3.0 Ga. One of the zircons that had an age of 2406 Ma had a zircon ε Hf (t) value of −20.1, and the two-stage modeled age reached 4152 Ma. Among all the measured points, the oldest zircon was 3654 Ma, with a ε Hf (t) value of −3.1 and a two-stage modeled age of 4081 Ma. This modeled age is similar to the Hf modeled age of 3.8 Ga from a detrital zircon from the Yangtze Block reported by [13] . This may indicate that the Yangtze Block is older than the Kongling high-grade metamorphic rocks of the Archean crustal fragments from the Hadean.
The ages obtained from the Yinmin Formation, DCG, located on the western margin of the Yangtze Block were mainly in the range 1.7-3.0 Ga. At~2.95 Ga, the frequency of age data increased significantly, indicating that magmatic activity was significantly enhanced. The magmatic activity was enhanced 2.95 Ga ago (Figure 11 ), which is consistent with the time range of the~2.85-2.95 Ga magmatism from the northern margin of the Kongling Complex, indicating that a large area of the Yangtze Block preserves a geological record that depicts an age similar to that of the Kongling Complex. Further, ε Hf (t) was mostly negative and the two-stage modeled age was between 2.5 and 4.0 Ga. This indicated that the early-stage crustal matter may have been differentiated from the mantle during the early Archean. discovered a large amount of ancient detrital zircons aged 2.5-3.0 Ga in metamorphic rocks from the Dahongshan Group, located on the southwestern margin of the Yangtze Block [83] . In addition, there are also small amounts of Archaean strata exposed in the Song Da area of Vietnam [84, 85] . For example, Lan et al. studied the age of gneiss in the Cavinh Complex and observed that the zircon U-Pb age was 2.8-2.5 Ga, and the Nd modeled age was 3.4-3.1 Ga [85] . Herein, of the 230 valid measurement points in zircons obtained from the Yinmin Formation clastic rock, 10 points were older than 3.0 Ga and 82 points were dated between 2.5 and 3.0 Ga. One of the zircons that had an age of 2406 Ma had a zircon εHf(t) value of −20.1, and the two-stage modeled age reached 4152 Ma. Among all the measured points, the oldest zircon was 3654 Ma, with a εHf(t) value of −3.1 and a two-stage modeled age of 4081 Ma. This modeled age is similar to the Hf modeled age of 3.8 Ga from a detrital zircon from the Yangtze Block reported by [13] . This may indicate that the Yangtze Block is older than the Kongling high-grade metamorphic rocks of the Archean crustal fragments from the Hadean.
The ages obtained from the Yinmin Formation, DCG, located on the western margin of the Yangtze Block were mainly in the range 1.7-3.0 Ga. At ~2.95 Ga, the frequency of age data increased significantly, indicating that magmatic activity was significantly enhanced. The magmatic activity was enhanced 2.95 Ga ago (Figure 11 ), which is consistent with the time range of the ~2.85-2.95 Ga magmatism from the northern margin of the Kongling Complex, indicating that a large area of the Yangtze Block preserves a geological record that depicts an age similar to that of the Kongling Complex. Further, εHf(t) was mostly negative and the two-stage modeled age was between 2.5 and 4.0 Ga. This indicated that the early-stage crustal matter may have been differentiated from the mantle during the early Archean. [22, 28] and the present study.
In combination with published data, the ages of detrital zircons from the Yinmin Formation yielded three peak ages of 1.84, 2.30 and 2.71 Ga (Figure 11 ). These data revealed three important global geological events. The first event coincides with the convergence of the global Columbia supercontinent. The peaks of 1.84 and 2.71 Ga are distributed globally, and they are best correlated to the collisional accretion of cratons in North America [86] (Figure 12 ). The 2.1-1.8-Ga orogens have been recognized on nearly every continent, including the Eburnean Orogen of West Africa, the [22, 28] and the present study.
In combination with published data, the ages of detrital zircons from the Yinmin Formation yielded three peak ages of 1.84, 2.30 and 2.71 Ga (Figure 11 ). These data revealed three important global geological events. The first event coincides with the convergence of the global Columbia supercontinent. The peaks of 1.84 and 2.71 Ga are distributed globally, and they are best correlated to the collisional accretion of cratons in North America [86] (Figure 12 ). The 2.1-1.8-Ga orogens have been recognized on nearly every continent, including the Eburnean Orogen of West Africa, the Transamazonian Orogen of South America, the Svecofennian and Kola-Karelia Orogens of northern Europe, the Trans-Hudson Orogen and its age-equivalent orogens of North America, the Capricorn Orogen of Western Australia, the Akitan and Central Aldan Orogens of Siberia, the Transantarctic Mountains Orogen of Antarctica, and the Trans-North China Orogen in North China [87] .
Late Paleoproterozoic Tectonic Evolution of the Yangtze Block and Columbia Supercontinent Convergence
The Columbia supercontinent comprised three continental block groups: Ur, Nena, and Atlantica (Atlantic). During the Paleoproterozoic (~2.0-1.8 Ga), these continental blocks gradually converged to form a supercontinent [21, 86, 88, 89] . The age obtained from the Yinmin Formation depicts that the 2.0-1.8 Ga magmatism was also widely developed on the western margin of the Yangtze Block, with a significant peak age of~1. [91] . In addition, the 1.85 Ga intrusions of moyite [92] and 1.97-2.03 Ga granites as well as basic dykes were also found in the northern part of the Yangtze Block [93] . The ages of the granite and basic-rock walls are younger than that depicted by metamorphism, which is generally considered to be the result of post-orogenic cracking [93] .
These ages (~2.0-1.8 Ga) in the Yangtze Block are mainly distributed in the north (Kongling and Jingshan), south (Yiyang and Ningxiang), southwest (Longsheng and Kunming), east (Maanshan), and Dabie and Sulu orogenic belts. These manifestations of zircon can be divided into three types: (1) high-grade metamorphic zircons or accretionary margins, (2) captured zircons, and (3) inherited zircons. Tectonic thermal events during the 2.0-1.8 Ga period are widespread in the North China plate and are globally developed during the convergence of Columbia.
The 2.0-1.8 Ga magmatic activity in the Yangtze Block is widely developed and is observed to occur during the convergence of Columbia [21, 94] (Figure 12) . Therefore, this magmatic activity may have a genetic relation with Columbia, resulting from its convergence.
Late Paleoproterozoic-Mesoproterozoic Tectonic Evolution of the Yangtze Block and the Breakup of the Columbia Supercontinent
At around 1.85 Ga, the tectonic setting of the Yangtze Block dramatically changed after the arc-continent collision convergence stage during the 2.0-1.8 Ga-interval. A-type granite and basal veins that were aged 1.85 Ga were developed in the Kongling area of the Yangtze Block [93] , and A-type acid rocks of~1.87-1.82 Ga were developed in the Huashanguan area of Zhongxiang [94] . They were formed in a post-orogenic or post-collision tectonic environment. Simultaneously, at~1.79 Ga, A-type granites were developed in the Beiba area of the Yangtze Block. In the Nb-Y-Ce diagram proposed by Eby et al. (1992) [95] , they were all categorized as A2-type granites in post-collision and/or post-orogenic environments [33] . This indicates that any structural transformation, including collision and extension, occurred during the Late Paleoproterozoic in the Yangtze Block.
Herein, 187 effective measuring points were obtained from the clastic rocks of the Yinmin Formation from the base of DCG with zircon U-Pb ages between 1710 and 3654 Ma. The age of the upper intersection of diabase that intruded into the Yinmin Formation was 1689 ± 34 Ma, which indicated that the sedimentary age of the Yinmin Formation was earlier than the magmatic event. From the zircon U-Pb dating of the sedimentary tuff (D078-5) from the upper part of the Heishan Formation, DCG, we observed that the weighted average age was 1414 ± 25 Ma. Therefore, the depositional age of the DCG should be between 1.7 and 1.4 Ga, which was in accordance with the timing of the breakup of the Columbia supercontinent.
The age of the diabase is 1689 ± 34 Ma (MSWD = 2.1) in this study, which is consistent with the results for the ages 1694 + 16 Ma [27] and 1692 ± 32 Ma [22] in the error range of the previous studies, indicating that there is a significant magmatic activity in the SW Yangtze Block in 1.70 Ga. The ε Hf (t) value of the diabase is mostly positive, the one-stage model age is similar to the zircon age, and the geochemical data are characterized by E-MORB [27] , indicating that the material source may directly originate from the enriched mantle. Simultaneously, a 1.73 Ga A-type Haizi granite porphyry is developed in the area [37] . This information indicates that the Yangtze Block began to rift at 1.7 Ga (Figure 12) . Meanwhile, the lower part of the DCG comprises either terrigenous clastic rocks or a rich source of detrital carbonate. In addition, purple sandstone and alluvial-fan facies found in the lower strata of the Yinmin Formation indicate the existence of an older continent or erosional area. The marginal facies sediments, found in the Lixi Zhongchang section, comprise sandstone and mudstone assemblages from the coastal and shallow-sea environments. Simultaneously, in the area of Dongchuan, accumulation of tidal flat estuarine facies constitutes a marginal phase unit, indicating the existence of an ancient landmass or denudation area. This indicates that most of the research area during the Yinmin Formation period was likely to have been eroded [60] . This may represent a sedimentary formation in an early rift feature.
The Yangtze Block begins to rift at~1.7 Ga and continues to extend. Until about 1.4 Ga, the Tongan area development-a double-layered stratum with oceanic volcanic bases and carbonate cap rocks and its rock composition sequence were consistent with those of oceanic islands or seamounts. The spider diagram of the trace element ratio and the REE distribution patterns of volcanic rocks show the characteristics of OIB (Table S3) . Moreover, deep-sea siliceous rocks and flysch of the same period are preserved in the Tongan area. These results indicate the breakup of the Yangtze Block into the opening ocean (Tongan ocean), with an oceanic island at~1.4 Ga. originate from the enriched mantle. Simultaneously, a 1.73 Ga A-type Haizi granite porphyry is developed in the area [37] . This information indicates that the Yangtze Block began to rift at 1.7 Ga ( Figure 12 ). Meanwhile, the lower part of the DCG comprises either terrigenous clastic rocks or a rich source of detrital carbonate. In addition, purple sandstone and alluvial-fan facies found in the lower strata of the Yinmin Formation indicate the existence of an older continent or erosional area. The marginal facies sediments, found in the Lixi Zhongchang section, comprise sandstone and mudstone assemblages from the coastal and shallow-sea environments. Simultaneously, in the area of Dongchuan, accumulation of tidal flat estuarine facies constitutes a marginal phase unit, indicating the existence of an ancient landmass or denudation area. This indicates that most of the research area during the Yinmin Formation period was likely to have been eroded [60] . This may represent a sedimentary formation in an early rift feature. The Yangtze Block begins to rift at ~1.7 Ga and continues to extend. Until about 1.4 Ga, the Tongan area development-a double-layered stratum with oceanic volcanic bases and carbonate cap rocks and its rock composition sequence were consistent with those of oceanic islands or seamounts. The spider diagram of the trace element ratio and the REE distribution patterns of volcanic rocks show the characteristics of OIB (Table S3) . Moreover, deep-sea siliceous rocks and flysch of the same period are preserved in the Tongan area. These results indicate the breakup of the Yangtze Block into the opening ocean (Tongan ocean), with an oceanic island at ~1.4 Ga. Figure 12 . Reconstruction of the proposed Columbia supercontinent (modified after paper [21] ).
In summary, the magmatic activity and sedimentary basin formed during the ~2.0-1.4 Ga period, which were widely developed in the SW Yangtze Block, and coincided with the events caused by the convergence and breakup of the Columbia supercontinent. It is proposed that the Yangtze Block was part of the Columbia supercontinent during the Paleoproterozoic to Mesoproterozoic. The magmatic activity and the sedimentary basins in this period are related to the evolution of the Columbia supercontinent. Figure 12 . Reconstruction of the proposed Columbia supercontinent (modified after paper [21] ).
In summary, the magmatic activity and sedimentary basin formed during the~2.0-1.4 Ga period, which were widely developed in the SW Yangtze Block, and coincided with the events caused by the convergence and breakup of the Columbia supercontinent. It is proposed that the Yangtze Block was part of the Columbia supercontinent during the Paleoproterozoic to Mesoproterozoic. The magmatic activity and the sedimentary basins in this period are related to the evolution of the Columbia supercontinent.
Conclusions
(1) The oldest basement rocks in the Yangtze Block were aged between 2.85 and 2.95 Ga, equivalent to the age of the Kongling Complex. The Yangtze Block preserved information about the residues of the crustal nuclei during the Hadean. Table S1 : LA-ICP-MS zircon U-Th-Pb analysis data of DCG and a diabase in the SW Yangtze Block. Table S2 : Lu-Hf isotopic data for the zircons of DCG and a diabase in the SW Yangtze Block. Table S3 : Whole-rock analyses of major elements (wt %), and trace elements (ppm) of the Mesoproterozoic sedimentary tuff in the SW Yangtze Block.
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